SUMMARY
INTRODUCTION
The maintenance of an adequate cardiac output is the principal aim in patient management following open heart surgery. In infants and children, such control is of particularly critical importance. At present, the adequacy of cardiac output is usually estimated by indirect parameters such as pulse rate, arterial and venous pressures, urinary output, respiratory rate, and the state of cutaneous circulation. However, these signs and the cardiac output may correlate poorly.
While the direct measurement of cardiac output is desirable, it has proven difficult to perform routinely in clinical practice because of the small size of these patients and the intrinsic limitations of methods such as dye dilution. The technique of thermodilution appears to have many advantages in this age group. The aim of this study was to develop and validate a simple, clinically applicable method of measuring cardiac output in the post-operative period, employing this principle.
MATERIALS AND METHODS
Seven mongrel dogs weighing 6-35 kg (mean 15 kg), (mean heart weights of 110 gm±73 gm) and two infant pigs weighing 6 kg and 9 kg (heart weights 40 gm, 45 gm), were anaesthetized with intravenous (IV) thiopentone. Endotracheal intubation and positive pressure ventilation were employed. Anaesthesia was maintained with halothane l' 0 per cent and muscle relaxants. Bilateral transverse thoracotomy was performed. An Edslab thermodilution catheter (Edwards Laboratories, Santa Anna, California 92705) was passed into the main pulmonary artery through either the internal jugular vein or the superior vena cava (S.V.c.) and connected to an Edwards 9500A adult cardiac output computor (Edwards Laboratories). Heparin 3 mg/kg was given LV. and cannulations of the aorta performed as shown in Figure 1 . The by-pass circuit is shown in Figure 2 . Following the onset of extracorporeal circulation, clamps were applied to the great vessels, and across the aorta between the proximal and distal cannulae. The calibrated roller pump substituted for left heart cardiac output, excluding coronary blood flow (C.B.F.), and its delivery was compared with right heart thermodilution measurements of cardiac output. At the conclusion of each experiment, the roller pump calibration was checked by direct measurement of flow into a calibrated measuring cylinder. The reservoir height was kept constant. Blood temperature was monitored continuously by thermocouple and was controlled by the heat exchanger in the extracorporeal circuit. Cardiac output was varied over a range of values in each animal, by altering pump flow rates and thereby modifying venous filling.
In two further dogs, a thermodilution system employing a 4F (Edslab) thermistor catheter inserted directly into the pulmonary artery and a 12" Intracath (Portland Plastics, Hythe, Kent, England) for injection, was calibrated against the 6F Edslab catheter system. Estimations were made to compare the thermal characteristics of the Intracath catheter (unknown calibration), and the 6F catheter with proximal injectate port (known calibration), using the 6F thermistor in both cases for 3 and 5 ml injectate volumes. The two thermistors (4F and 6F) were then compared using the 6F catheter injectate port. Finally, the two systems were compared independently against one another. These results are shown in Table 1 . There was no significant difference between any of the results obtained. 
DISCUSSION
The thermodilution technique originally described in detail by Fegler (1954) has proven to have many advantages in this situation. It is as accurate and reproducible as other methods of cardiac output estimation (Fegler 1957 ). There is little or no recirculation of indicator (Wessel et al. 1971 ) so that the dilution curves generated are easily analysed. Rapid and repeated estimations can be made. There is no need for peripheral arterial sampling. The thermistors used are compact and the electrical system employed is easily calibrated and intrinsically stable.
Initial studies were performed using room temperature injectate with a Devices Cardiac Output Computor and thermistor catheter (Devices, Hertfordshire, England) because of the theoretical advantages of minimal heat exchange between the injectate and the catheter environment (Branthwaite and Bradley 1968) . However, the small thermal gradient produced by room temperature injectate demands that larger volumes be employed for accuracy (Wessel et al. 1971 ), a significant limitation in infants and children. Injection must be rapid and its volume very accurately measured in order to produce satisfactory curves. Furthermore, a very sensitive intravascular thermistor is necessary. This makes the room temperature system more susceptible to transient changes in blood temperature from other sources such as respiration, slow changes in patient core temperature and variations in the temperature of venous return from each cava.
Indeed, in open chest preparations, baseline shifts proved a major problem. This has been reported by others even in closed chest models, amounting to as much as 15 % of the peak temperature change (Singh et al. 1970) . Baseline variation due to thermistor contact with the pulmonary artery wall was also a problem with the Devices thermistor.
Therefore the studies reported here were performed using injectate at O°c. Smaller injectate volumes produced good thermodilution curves. The effect of non-indicator temperature changes has been shown to be reduced by a factor of 2-3 times when using ice-cold injectate (Wessel et al. 1971 ).
The theoretical advantage of increased heat exchange between injectate and catheter environment is largely overcome by the use of a predetermined calibration factor for the Edslab catheter, derived by Forrester et al. (1972) .
This factor is not influenced by the patient's blood temperature. Variation in the length of catheter inserted into the patient and the rate of injection produced minimal errors (up to +3 %), well within the accuracy of the method. The results obtained in this study suggest that a Anaesthesia and Intensive Care, Vol. III, No. 4, November, 1975 second thermistor to monitor injectate temperature at its arrival in the blood-stream as suggested by Singh et al. (1970) , is unnecessary.
The theoretical risk of ectopic rhythms from injection of cold solution has not been encountered in the laboratorv or clinically. In clinical practice, the injection solution has been drawn up into disposable plastic syringes and capped by sterile technique. They are then stored in an ice bath in preparation for injection.
Injectate volumes used were 3 ml or 5 ml of ice-cold 5% dextrose. A 3 ml injection produced satisfactory results up to outputs of about 1500 ml/min. At higher outputs, a wider scatter in results occurred. A 5 ml injectate produced reliable results from 1500 ml to 2500 ml. A 5 ml injectate volume may be more accurate in larger patients with a low cardiac output e.g. below 1500 ml/min, in whom the intravascular volume of the right atrium and ventricle is disproportionately large in relation to the cardiac output.
Although the integral Edslab 93120 6F paediatric catheter was used in the majority of determinations made in animals, it \vas considered unsatisfactory for clinical use because of difficulty with its blind manipulation through the heart into the pulmonary artery. Also, its rigidity produced obvious deformity of the right ventricle. For these reasons, the two catheter system was developed and calibrated. It is currently being employed clinically in patients under 15 kg. At operation, the Edslab 41" thermistor catheter is inserted directly into the main pulmonary artery and injectate is delivered from the routine c.V.P. catheter positioned in the right atrium.
The position of the thermistor in the vessel is critical. Contact between the thermistor and the pulmonary artery wall or an excessively distal thermistor position produced excessive baseline swing and inaccurate estimations (Luthy and Galletti 1966, Singh et al. 1970, Wessel et al. 19/1) .
The Edwards 9500A cardiac output computor was used in its x2 overrange configuration below II litres/minute. An integrator time of 25 seconds was used througbout. Analysis of a number of recorded thermodilution curves showed this to be satisfactory over the range of cardiac outputs examined, for both 3 ml and 5 ml injectate volumes.
The method bas proven consistently accurate with an error of less than 10%, which compared more than favourably with the accuracy of dye dilution methods. The assumed C.B.F. of 1-1+ mljmin. corresponds closely to the predicted C.B.F. in the dog of 125 ml(min. (Total canine C.B.F. has been reported to be 1l0-llS ml/100 g heart/m in (Domenech et al. ] 969, Foltz et al. 1950) .
The two catheter system is now in clinical use. ~ 0 problems related to the thermistor catheter have occurred. The longest period of monitoring has been 48 hours. The thermistor catheter is withdrawn about 1-2 hours before removal of the chest drains. The results obtained have provided a rational basis for post-operative care.
H.outine monitoring of cardiac output in all complex and high risk patients is proposed.
